Abstract -Recently, off-the-shelf HD video cameras are recognized low-cost video capture for the study of human movements associating with sport training, sport performance evaluation, physical impairment evaluation and rehabilitation evaluation. The data required for these applications are usually dimensions, 3D distance, angular elements and speed of movement of the various body components such as the head, trunk and limbs. More complex data include isoline plots, profile and crosssection and 3D textured models of these body parts. This paper focuses on the developed techniques that are used for acquiring high accuracy data for these applications. In the paper, the results of three current case studies are provided to show the quality of the videogrammetric acquired data. The studies show that the techniques developed produce high accuracy data for various applications in movement research.
I. INTRODUCTION
Purpose-built cameras have been used for human biomechanical studies for number decades. These cameras are usually incorporated into proprietary software as turn-key systems such as OptiTrack, Vicon camera system and Raptor Digital RealTime System. Some of these systems do not provide real-world or useful images for re-processing, interpretation and identification or as permanent records for future reference. Because these systems measure the coordinates of artificial markers only, their potentials for human movement are greatly reduced in the area of object surface shape change research ( [1] ; [2] ). These systems are not sustainable for low-cost researches and low-cost applications because the systems are expensive and often require proprietary software which must be maintained at high-cost annually. In this paper, synchronised video acquisition using HD video cameras and 3-dimensional videogrammetric image processing methods are described in detail. This paper provides a discussion of the off-the-shelf low-cost videogrammetric processing software, the methods and the results of two current case studies.
The use of videogrammetric techniques for the dynamic data capture of human movement using off-the-shelf HD video cameras has become an accepted tool for many applications recently. Reference [3] utilized these techniques to determine the postural stability of sailors onboard a marine vessel. A number of subjects were videoed onboard a moving ship while they attempted to maintain the upright stance facing forward and laterally. The authors used 21 retroreflective markers and three HD video cameras to evaluate the techniques. The evaluation shows that the accuracy was 1:1000 in the measured distances or 1 mm per 1 m length measured. The authors claimed that the techniques could provide accurate measurement for slow body and limb movement. The authors discovered the accuracy decreases when the speed of the body movement increases due to the camera framing rate and the video synchronization limitations. Reference [1] applied similar videogrammetric concepts in the study of limb movement of CMT sufferers. A configuration of four different brands of video cameras and six sets of independent images were utilised in the testing and an analysis of the 3D distance difference between true and measured values gave a value of 0.323±0.0052 mm. In 2009, the authors of [4] carried out an investigation using videogrammetric techniques and standard video cameras to measure rib motion during breathing for trained swimmers and untrained healthy subjects. The authors used sound to synchronize multiple standard format video cameras. Using a large sample of subjects, they found the techniques could give an accuracy of 3.9 mm and the captured data could differentiate the difference in the behavior of the rib movement between the two study groups.
II. PHOTOMODELER SCANNER SOFTWARE
The algorithms of the software are based on the principle of photogrammetric techniques. It utilises a set of two or more overlapping digital images or video frames to generate a set of three-dimensional points representing the surface of the imaged object. The proprietary processing technique used in the software is known as dense surface modelling (DSM) Using the generated points, three-dimensional surface models of the object can be generated for viewing. Real-world surface texture can be placed on the model to enhance the appearance of the object for viewing. The computed model can be used to obtain measurements such as distance, angle, area and volume between points of interest from the digital model.
III. CASE STUDY
Two case studies were carried out using fourteen HD video cameras. The first case study involved the study of the lower limb muscle shape change during walking while the second case study involved the study of foot plantar surface shape change during slow walking. In both cases, the 3D measurement accuracy is evaluated as well as the quality of the textured surface which may be significant for surface shape change evaluation. In addition, isolines are generated to observe the area of change and the amount of change in a different viewpoint.
A. HD Video Camera Calibration
The video cameras were calibrated using high-precision multi-station bundle adjustment techniques [4] . A highprecision test-field consisting of 80 retro-reflective targets was utilised and calibrated using a self-calibrated still-frame camera. A high accuracy invar scale-bar of 310 mm in length was used to provide accurate object-space scaling. Twelve convergent short video recordings of the test-field were acquired by each video camera similar to the procedure discussed in [3] and the extracted video frames were batchprocessed using photogrammetric camera self-calibration software Australis.
B. Video Capture
To improve the measurement accuracy, multi-video cameras are used to capture each scene. Figure 1 shows the video camera mounting brackets on both side rails and below the glass-plate window of the walking platform. In limb muscle study, the video cameras are mounted on the side rail and in the foot plantar study the video cameras are mounted under the glass-plate. The cameras start recording the test subject's walking when the laser-based synchronising system is activated. The system is activated when the laser beam is cut by the subject's limb and is a few tenths of a second before the subject reach the glass plate stage. In the limb muscle movement detection, the subject was prepared by having a set of 16 retro-targets glued to the lower limb muscles as shown in Fig. 2(a) . In addition, a calibrated scale bar was fixed to the skin surface of the muscles. Then, the subject was instructed to contract lower limb muscle movement (Fig 2(b) ). In the foot plantar movement study, the subject was prepared by having a set of 64 retro-targets glued to the sole as shown in Fig. 3 . The subject was instructed to walk along the platform at 1.7 km/hr. 
C. Videogrammetric Image Processing
As multiple video cameras were used in the study, only off-the-shelf software based on the principle of the collinearity conditions are used in the video processing. The condition can be represented by two equations (Appendix A), one for each image coordinate axis representing the geometry between the camera lenses' perspective centre, the ground coordinates of an object and the image coordinates with reference to the principal point. When a lot of points are used the equations give the geometry of a bundle of straight light rays connecting the camera lens' perspective centre, the image points and the object points. Here, the perspective centre of the lens is represented in the 3-dimensional objectspace cartesian coordinate reference frame by (X 0 , Y 0 , Z 0 ), with the camera rotation angle (ω,φ,κ) around the corresponding X, Y and Z axes. The image coordinates of point P are represented in a 2-dimensional image coordinate reference frame by (x P , y P ) and the object-space coordinates of N are (X P , Y P , Z P ). Additional details can be found in most current photogrammetry textbooks such as in [4] . All the corresponding video frames of each scene are batchprocessed. The outputs of the software are a set of point cloud of the objects in the scene and a further processing produce textured 3D surface of the object.
IV. RESULTS AND ANALYSES

A. Lower Limb Muscles Mapping
The prototype was evaluated using two objects of known dimensions. The objects were mapped using a David 3D Laser Scanner which has a precision of ±0.05 mm. Hence, the mapping precision of this prototype was ± 0.3 mm (95% confidence level). Fig. 4 shows the textured surface and the isolines which provide an impression of the depth of the surface. Fig. 5 shows the isoline of the surface only. With the markers on the computed 3D surface the characteristics of the muscle contraction can be clearly viewed and dimensions can be measured precisely. Fig 6 shows the muscle contraction characteristics using colour depth chart. Although there are some small irregularities caused by the subject hairs, the global pattern can be clearly recognised where muscles displacement occurred. 
B. Foot Plantar Mapping
Fig . 5(a) shows an isoline plot of the test subject's right foot sole while Fig. 5(b) shows the cross-sectional lines. The isoline interval can be increased or decreases to show the characteristic of the sole topography. Fig. 6 shows the subject's foot in 3D view. The generated foot depicts the undulating surface roughness of the foot and the sole. This characteristic can be used to determine the point of contact between the foot and the shoes inner surface. In addition, the type of display can determine the shape variation between individuals' foot. The aim of the paper was to introduce photogrammetric techniques and low-cost c camera to study small human body mov studies were introduced to substantiate the s cameras and photogrammetric technique involves limb muscle movement using the the second involves the mapping of the sole walking. Both cases involved movement developed is suitable for this type of d Results show that these HD video camera produce accurate mapping precision of ± quality 3D textured models of moving huma These low-cost video cameras and Pho software are suitable for many applicatio sport training, foot-wear manufacturing, shoe in-sole modelling, medical clinics pa and medical and forensic researches. A medicine is that practitioners can set up th clinics where video clips of patients' medi be diagnosed and rehabilitation progress Also, it may save the patients time and m visits to city clinics. 
978-1-4799-0269-9/13/$31.00 ©2013 IEEE
